Abstract. The 
Introduction
Although a vast amount of software is available to solve many complex engineering problems, integration among the programs is often lacking. For example, the required file structure for batch input varies from program to program; therefore, the user must create Correspondence and offprint requests to: Professor William Rasdorf, Department of Civil Engineering, North Carolina State University, Rayleigh, NC 27695, USA. multiple input files to manipulate the same data with different programs. In addition, there is no archival repository in which to store input information in a generic format. While there has been some focus on integration with respect to CAD/CAM software, relatively few standard programs exist to generate batch input files from a database. The problem is especially apparent in the realm of finite element analysis, where a large volume of input must be provided. In addition, using composite materials data for the analysis procedure further complicates the data entry task, because it magnifies the amount of input data required.
To address the problems of material data input and archival storage in the context of composite materials analysis, a prototype integrated finite element material property preprocessing system has been developed. The computational system, known as the Composites Database Interface (CDI), is composed of several stand-alone, task-specific computer programs, some of which are commercial and others which were written for this particular application. At the core of the system is a database, which provides an archive for fiber-reinforced composite material property data. The system currently enables the user to generate FEA materials data files for orthotropic materials, in either axisymmetric structures or two-dimensional structures subjected to membrane forces.
Applications in Engineering
Fiber-reinforced composite materials possess many attributes which make them outstanding engineering materials and suitable in numerous structural applications. For example, parts can be consolidated to eliminate joints and fasteners; the geometry, fiber and matrix can be specified to maximize structural efficiency; and a custom color can be molded into the parts for aesthetic or safety reasons. Useful engineering properties of various composite materials include the following: light weight, resistant to rot and corrosion, high strength-to-weight and stiffness-to-weight ratios, non-magnetic, non-conductive, and possessing low thermal expansion and conductivity.
In the aerospace industry, fiber-reinforced composites are primarily being used in applications where reduced weight and increased durability are of significant importance. Examples include airplane wings and fuselages, and heat-resistant space shuttle components. However, because composites reinforced with glass fibers are magnetically invisible and electrically non-conductive, they are also ideal for building enclosures around and supporting structures for computer test facilities, radar and radio wave transmitters and antennae, subway and light rail facilities, and magnetic resonance imaging (MRI) equipment in hospitals. Composites are presently being used in each of these applications.
Many composite materials can withstand harsh chemical environments which are highly destructive to traditional engineering materials such as steel and concrete. As a result, composite structures are suitable in chemical plants, factories, and sewage and wastewater treatment facilities, in corrosive applications such as exhaust stacks and scrubbers, walkways and floor systems, platforms, handrails, grating and filters [1] . Composites are fairly common in underground storage tanks, tanker trucks and piping systems. A highly beneficial use of fiber-reinforced composite materials is in rehabilitating national deteriorating infrastructure and, where necessary, rebuilding with durable, long lasting structures and facilities. The use of composite materials in bridge construction, as rebar, cables, tendons and deck panels, is being supported by the United States Department of Transportation, the Federal Highway Administration and several state Departments of Transportation.
Background
Advanced composite materials offer potential solutions to numerous engineering problems, primarily because of their high strength-to-weight and stiffness-to-weight ratios, and their corrosion resistance. However, none of these potential advances can be achieved without the availability of adequate materials testing and design criteria, and integrated analytical tools for the engineer. Composites research is substantially increasing in the engineering community, both in the USA and other countries, yet very little of this research is being directed toward materials data gathering, management and integration. The lack of historical design knowledge on the part of engineers leads to an uncertainty regarding the precise behavior of composite materials, resulting, to some extent, in an unwillingness to use these materials in engineering design [2] . A key first need exists, therefore, to make information available about composite materials, their derivation, their properties, and their use to researchers, materials scientists and engineers.
The Need for Engineering Materials Databases
Several organizations, including the National Academy of Science, have emphasized the critical need for materials data reporting standards [2, 3] . G. E. Hansen [4] states that it is in the best interest of all those involved in composite materials, including industry, universities and government agencies, to develop and use a standard database of composite materials data.
The need to embark on an activity such as that discussed in this paper is evidenced by a number of related research efforts in the concrete materials area, including projects at Oak Ridge National Laboratory and the Strategic Highway Research Program. These efforts are directed toward obtaining concrete material property and performance information and designing a database to collect data on long-term performance of concrete. The issue of an appropriate database design is a key component of these projects. Also, the American Concrete Institute has initiated Committee 126 to develop standard formats for building and accessing computerized databases on the properties of concretes and related materials.
All these efforts are aimed at designing databases and collecting data. Clearly, this research is being done well after a substantial amount of theoretical and experimental research has been carried out. However, these efforts point to a need to understand the broad range of material properties which may be of interest to engineers on a long-term basis and to do so as they are emerging. The use of fiber-reinforced composite materials is now emerging in the civil and mechanical disciplines. This research seeks ways to design the knowledge base for the diverse properties of these robust materials, thereby contributing to the establishment of research agendas and directions in the area.
The Need for Integrated Analysis Systems
Studies have shown that the transfer of material properties data is a weak link in the overall CAD/ CAM/CAE process [2] . Part of the problem is simply a failure of the engineering community to support materials data exchange in electronic formats. In laboratories, materials data collection and processing have been largely computerized; however, data transfer is still very limited. Furthermore, the technical data exchange standards that are available today do not fully support materials data transfer [2] . This lack of data reporting standards means that existing materials data must be carefully evaluated to ascertain its completeness, applicability and integrity. The influence of new materials and the lack of research directed towards specific engineering data needs makes the problem even more acute.
James Turner at the University of Michigan sees data exchange as the most significant challenge facing developers of computer-aided design systems, stating that we should no longer accept 'stand-alone' computer programs, focusing instead on 'stand-together' programs, which share results with and accept input data from other programs through common databases [5] . Robert McDonald of Boeing Commercial Airplanes concurs. McDonald not only notes the importance of automating various engineering, design, manufacturing, construction and support processes using a centralized database, but also states the importance of treating data and information as a corporate resource [6] .
designing structures using composite materials is a relatively new discipline for which few analytical tools exist. Strength properties of the material are often determined through experimentation rather than by calculation. For example, a particular layup may be chosen for a structure; then a model is designed and the analysis is performed; using the results of the analysis, a second layup is selected and the process is repeated. As a result, several different material configurations may actually be analyzed for a particular design scenario to determine the best design. We can conclude that designing a composite material structure is a repetitive process, well suited to automation.
It is evident, therefore, that there are numerous data collection and usage issues associated with composite materials. The key to designing with composite materials, however, is obtaining complete and accurate data to predict the performance of the composite in a design scenario. An integrated computer-aided analysis system for fiber-reinforced composite materials can be designed, containing a database to maintain material properties for both plies and laminates, and application programs to provide this data to laminate design programs and finite element analysis programs.
Contributions of this Research
Because the analysis system described herein addresses only the generation of material data for input for a FEA program, it cannot be considered to comprise a completely integrated finite element analysis system. It does, however, serve a purpose and fulfill a need in the engineering community. Because of analysis and design problems peculiar to the use of composite materials, generating material property values for program input is more difficult than with traditional engineering materials. Some of the very properties which make composite materials useful also make designing with them more difficult. We can make the following observations concerning composite materials:
9 fiber-reinforced composites have complex material properties -orthogonal or anisotropic; 9 each composite layup or laminate has a different set of material properties; and 9 more than one layup may be used to design a single composite structure.
For these reasons and others which introduce even further uncertainty, defining material properties for a fiber-reinforced composite is very complex. In addition,
A Computer-aided Analysis System
This section describes the architecture of a prototype integrated computer-aided analysis system for thick fiber-reinforced composites, the Composites Database Interface (CDI). On a physical level, the primary purpose of the CDI analysis system is to automate the process of generating composite materials data and transferring this data to a finite element analysis system. A secondary purpose is to provide an archive to store composite materials data. A third purpose of the research is to gain insight into the nature and organizational issues of the different types of data that are needed to define composite material properties.
To integrate the components of CDI, we use an incrementally expandable (or modular) architecture. Existing technology in finite element analysis and database management is adopted to achieve the required functionality of the integrated system at the physical level. The benefits of the system include the ability to generate a laminate in an ad hoc manner, having the material properties both immediately available for formatted FEA input and archived in a materials database. 
Functional Components
From a functional point of view, the CDI provides the following capabilities:
9 Help, 9 Data manipulation, 9 Laminate design, 9 Reports/views, and 9 FEA interface file generation.
These capabilities are provided by software components which are discussed in the following subsections and are illustrated in Fig. 1 . Certain components in Fig. 1 are enclosed in dashed lines; these are the components illustrated in Section 5 below. Note that the applications support only the data management aspects of the analysis system; the actual finite element analysis capability is not provided in the CDI.
All program code was written using the R:BASE For DOS application programming language [-7] ; the CDI, therefore, can be executed only from within the R:BASE DBMS environment. An external FORTRAN program, STIF3D, is embedded within the laminate design component and invoked by R:BASE upon execution of the corresponding lower-level system component [8] . A top-level, menu-driven user interface allows the user to access the desired component to initiate an appropriate function.
Help Component
The purpose of the CDI Help component, as its name indicates, is to aid the user in executing the remaining CDI components. This functionality is consistent with the objectives of an integrated analysis system, as it reduces the user's dependence upon reference manuals and supplementary texts. The Help component provides the user with a collection of help screens, each describing a specific CDI function. It provides general instructions about how it operates, supplies background information and discusses possible options or command variations.
Data Manipulation Component
The function of the Data Manipulation component of the CDI is to provide the user with a simple means of entering, editing and removing the data in the composite materials database, which acts as a data archive for the system. Two different methods for performing these actions are included in the CDI. The user can either manipulate the data by using on-screen data entry forms developed in R:BASE, or enter the R:BASE Prompt By Example (PBE) mode directly to perform various tasks. In general, the forms and associated menu system guide the user, in a detailed step-by-step manner, through the data manipulation process; the PBE mode allows greater freedom but provides less guidance to the user.
Forms are data entry and modification tools that can be developed in R:BASE as part of a database definition. A form corresponds to a specific database table and contains numerous prompts. The data entered on each form correspond to a single row in the table; each prompt, in turn, correspond to a particular field of that row. When used for data entry, the fields of a form are initially empty. Data are entered into the form by typing a response to each prompt; a null value is entered by leaving the field empty. Once the data have been completely entered into a form and have been determined to be accurate, the user may enter the data into the database as a new row in the corresponding table.
Forms can be used in a similar manner to modify data. The user first specifies which form and row (or rows) of data are to be modified. When the form appears on the screen, each field automatically contains the database values for the specified row. To change the values shown, the user simply types over the current data values, then selects the Save action from a menu. The user may also delete database rows by using similar menu options.
An alternative means of data entry and modification provided within the Data Manipulation component of the CDI is the Prompt By Example (PBE) mode of R:BASE. PBE allows the user to execute R:BASE commands directly, with the aid of screen prompts and context-sensitive informational messages. Possible PBE actions of interest are quite broad in their overall functionality and include modifying data, querying the database, using SQL (Structured Query Language) commands, and accessing operating system utilities. Additionally, PBE commands may be used to read in data from flat ASCII files. This functionality is useful when a large volume of materials data is already on computer media; the DBMS has the capability to load the data directly into the appropriate database tables.
Laminate Design Component
The Laminate Design component of the CDI allows the user to design both quasi-isotropic and general laminates from the unidirectional ply data stored in the database. A laminate consists of layers of a single composite ply, oriented at appropriate angles to satisfy the expected loading configuration. A quasi-isotropic laminate is distinguished by equal elastic moduli in the major and minor directions; an example is a laminate having equal ply portions at 0, 45, 90 and -45 degree angles. The general laminate may have plies oriented in any direction. The distinction between the two types of laminates is made because a simpler analysis technique is used in the CDI program for designing quasi-isotropic laminates.
As input to the Laminate Design component, the user provides the name of the unidirectional ply and the laminate code or stacking sequence for the layup to be designed. The laminate code indicates the orientation of each ply in the laminate. The material properties for the plies are obtained from the database. The laminate data, which includes average stiffness properties and thermal expansion coefficients, is then generated and stored in the materials database. The process of designing laminates, therefore, can be separated conceptually into two phases. First the user designs the laminate by selecting the ply and stacking sequence, then the system analyzes the laminate and generates its material properties.
Two different models are available for generating stiffness data for thick laminates. Laminates may be analyzed using classical laminated plate theory, which is the current industry standard, as documented by Tsai [9] , Halpin [10] and in numerous other composite materials texts. Alternatively, a modified version of the STIF3D code, developed at the University of Delaware, may be used for laminate design. Thermal expansion coefficients can be generated only by using the classical laminated plate model.
Briefly, laminated plate theory, the most common design model, assumes a state of plane stress in the plane of the laminate. For each ply layer, a matrix of stiffness coefficients is computed from the elastic constants of the ply, its thickness and its orientation with respect to an arbitrary in-plane axis. A matrix of normal stiffness properties, [A] , is generated for the laminate by taking the weighted averages of each set of ply properties. Effective elastic constants (Ex, Ey, vx r, etc.) are then computed from the normal stiffness coefficients and stored in the database.
Had the codes required normal and bending stiffness coefficients, [-A] and [D] matrices, these values would have been stored instead. Because of the repetitive stacking sequences used for thick composite laminates, the secondary coupling effects usually observed between the normal and bending stiffness coefficients of non-symmetric laminates are minimized, and the normal and bending stiffness may be considered separately with a high degree of accuracy [11] .
The classical laminate model only generates twodimensional stiffness data, however, and three dimensions of data are required for certain finite element analysis procedures. The third dimension properties must be approximated from the available ply and laminate data. A set of approximations that are based upon the assumptions of transversely isotropic plies and interpolation between known values are suggested to the user by the CDI program; the user may either accept these recommendations or modify the values as necessary. Note that fields are provided in the database to document various assumptions made by the user.
STIF3D is based upon classical plate theory; however, it involves a more complex three-dimensional analysis theory which includes [B] and [D] terms. As a result it generates an entire set of three-dimensional laminate stiffness properties (stiffness matrix coefficients and effective elastic constants), and is exact for any laminated composite.
Reports/Views Component
The Reports/Views component of the CDI provides the user with the capacity to observe the data stored in the database. Data may be viewed on the monitor or hard-copy reports may be generated. By means of menu selections, the user may specify the type and amount of data to be generated, thereby creating custom views and reports. In general, reports may be separated into two categories: identification reports and material property reports. Either category may be generated for either unidirectional plies or laminates. The user may also elect to report on a single class of composites or to report on all available materials.
An identification report provides general descriptive data about a composite, such as the identification code; the composite, fiber, and matrix names (e.g. T300/5208, TS00, and N5208, respectively); and the laminate code (e.g. [0(2)/45/-4514T). Material property reports are more detailed including, in addition to the above information, the values of various material properties for the selected plies or laminates, such as elastic and shear moduli, thermal expansion coefficients, Poisson's ratio(s) and density.
Interface File Generation Component
The Interface File Generation component allows the user to create files of material data suitable for use with either the ANSYS finite element analysis program [12] or with the MAZE preprocessor for the NIKE2D and DYNA2D analysis codes [13-] . ANSYS is a widely used commercial FEA code with a variety of generalpurpose elements and functionalities. NIKE2D and DYNA2D are primarily used for dynamic analyses and specialty applications.
Input requirements of FEA codes
Both ANSYS and MAZE encompass three types of finite element analysis: two-dimensional, three-dimensional and axisymmetric. As noted in the previous section, the CDI system currently enables the user to generate materials data for (1) orthotropic materials, and (2) either axisymmetric structures or twodimensional structures subjected to plane stress or strain. In ANSYS, the STIF42 element, a twodimensional orthotropic isoparametric solid with two degrees of freedom per node, is used to model such structures. In MAZE, no specific element is required but the material definition must correspond to material type 2, orthotropic elastic. The two types of axisymmetric structures considered are hoop-wound, in which the composite fibers are wrapped circumferentially around the structure at some angle to the hoop axis, and radial composites, in which the fibers are aligned radially out from the center axis at some angle to the radial axis. All of these element models require elastic constants as input, e.g. E~,, vxr, etc., rather than stiffness coefficients ([A], [B] and I-D] coefficients).
The current scope of the materials database includes two-dimensional ply data (in the plane of the ply) and three-dimensional laminate properties. When three dimensions of ply properties are required by the FEA program, the plies are assumed to be transversely isotropic; that is, material properties in all planes perpendicular to the composite fiber are assumed equivalent. These data are not stored in the database to reduce redundancy.
Recall that, since the interface file generated by the CDI system only contains materials data, a separate file with the remaining FEA input data must also be developed using a text editor. This file, known as the batch input file, contains the finite element mesh, loading information and the applicable constitute relationships for the structure to be analyzed. These two files, the batch input file and the materials data file, must be integrated together and used as batch input for the finite element program of choice. The integration of the materials data file and the batch input file with the analysis code is handled differently for each FEA program.
Integration with ANS YS
First, consider integrating a set of data into the ANSYS FEA code. Figure 2 schematically represents the data flow for this integration method. When the ANSYS Interface File Generation component of the CDI is executed, the materials data for one or more composites is placed into the materials data file shown in Fig. 2 , in a format appropriate for ANSYS execution. Meanwhile, the batch file is created separately and, along with the mesh and loading data, several commands for directly accessing the materials data file are included.
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Fig. 2. Data flow for data integration with ANSYS.
As a result, the batch input file is processed in ANSYS until a command is executed transferring control to a specific line in the materials data file. The materials data file is then executed until a command returning control to the batch input file is encountered. This method of integration is possible because the materials data file is formatted by the CDI program as a User file, a special type of ANSYS input file. The User file acts as a library file to the batch input file, which means that, once created, it can be used with multiple batch input files.
To execute the ANSYS Interface File Generation component of the CDI, the user must provide the name of the materials data file, and for each material definition to be extracted from the database, the following must be provided: an ANSYS data block name, the material name or identification code, and its orientation with respect to the ANSYS global coordinate axes. The material properties are then transferred from the orthotropie material axes to the ANSYS coordinate axes.
Integration with MAZE
Integration with MAZE is somewhat different because MAZE does not have the ability to reference library files. All of the required data, including materials data, must be contained in one file. Therefore, after the materials data file is created by running the MAZE Interface File Generation component of the CDI, it must be appended to an existing MAZE batch input file using a text editor. Figure 3 schematically represents the data flow for integration with MAZE. Materials are defined within the CDI by a material number, which must correspond to the material numbering scheme used elsewhere in the batch input file.
To create interface files suitable for use with MAZE, one must use a procedure similar to that described above for ANSYS. The single difference is that because material definitions are not placed in data blocks, the user does not need to provide a data block name. Instead the materials are numbered consecutively from 1 to n in the order that the material properties are extracted from the database.
System Integration
The functional components of the CDI are integrated via the R:BASE For DOS relational database management system and an R:BASE relational database. R:BASE For DOS, generally referred to as R:BASE, was developed by Microrim, Inc., and is a multi-user relational database management system that was designed for use on a microcomputer [7] . R:BASE enables the user interactively to define database schemas, to create custom data entry forms and to generate advanced output reports. The DBMS also provides an advanced SQL-based command language and an application programming language.
The relational data model was chosen for the prototype database design because it allows sufficient flexibility in data representation while permitting different applications to use the same data in a program-independent fashion. We certainly recognize the large body of research directed at the use of other data models in engineering such as the object-oriented model. However, studies indicate that there is no consensus regarding the future of database systems with respect to either the object-oriented or extended relational model [14, 15] . Furthermore, because the focus is on understanding the broad array of data that is necessary to describe these materials rather than on breaking new ground in engineering data models, we believe that the needs of the prototype are best served by using a well understood and well formed model such as the relational model. However, it is also recognized that the relational model alone is insufficient to accommodate the needs of a scientific database. We will therefore research the potential uses of an extended relational model. Refer to Section 6 for additional information.
Component Integration
The role of R:BASE and the database in the CDI is two-fold. First, R:BASE is used as a data transfer mechanism. This capability facilitates the transfer of data between the user and the system components, and it also allows data transfer among the set of heterogeneous application programs with a minimum of user interaction. R:BASE assumes a dynamic role in the evolving analysis process and provides the required data to each application program throughout the process. Second, the R:BASE database is used as a passive data repository. This capability provides the overall system with a centralized and manageable storage area for capturing the information obtained throughout the composite material life-cycle. The data integrity of the process can thus more easily be monitored because the information is maintained in one centralized location [16] .
To create an integrated software system, such as the CDI, all components in the system must be interfaced with one another. We elected to interface each of the application programs with the materials database, thus effectively interfacing all of the components together. A benefit of this integration scheme is the ease with which interface programs can be developed for an R:BASE database. The integration procedure is simplified through using the DBMS Application Programming Language (APL), which provides commands allowing direct communication and interaction with the database. Because it is built into the database management system, the APL provides for fast and efficient data transfer between the database and the applications.
To provide the necessary composite materials data in R:BASE to support the prototype, five initial relations have been developed. Sufficient relations have been defined to represent the data needed by the FEA programs as described in Subsection 4.1.5. Additionally, these relations are designed to support identification and material property data for unidirectional plies and laminated composites. A system of identification codes ties the data in the various relations together. The Appendix includes a detailed description of the database schema, including table and column descriptions.
CDI System Demonstration
This section includes a detailed transcript of a sample execution of the various components of the CDI system. For clarity, the following typographical conventions are employed in this section. Typewriter font (typewriter) is used to designate screen prompts and sans serif font (sans serif) represents text that is entered by the user. An italics font (italics) is used to represent any CDI menu name or menu item. The example assumes that the user has initiated R: BASE and is currently in the R:BASE command mode, signified by an R > prompt on the screen.
Problem Statement
To illustrate the functionality of the CDI system, the design of the cylindrical sides of a large tank, illustrated in Fig. 4 is considered. The tank is to be used as a pressure vessel; accordingly, the loading on the tank consists of an internal pressure, which induces membrane forces such that the stress in the hoop direction is twice that in the axial direction. Because of the potential weight savings and a concern about thermally induced stresses, the tank is to be constructed of a thick graphite fiber-reinforced composite, which has a relatively small coefficient of thermal expansion. To best resist the pressure loading, the material will be hoop-wound about a form, creating a laminate which has twice the strength in the hoop direction as in the axial direction.
The tank designer wishes to perform finite element analysis, using ANSYS, on this fiber-reinforced tank. The first laminate configuration to be tested is a These ply properties must be stored in the database using the Data Manipulation component of the CDI. The tank is composed of a laminate, however; as a result, the laminate property data must be generated and stored in the database using one of the models in the Laminate Design component. Finally, using the Interface File Generation component, the user must create materials data files suitable for use with ANSYS. This entire procedure is illustrated in the subsections which follow. The user may also edit or delete any database data with the Data Manipulation component, access Help, or print reports using the Report/ Views component. Additional laminate design models exist, and interface files can also be generated for use with MAZE. Because of space considerations, these and other actions are not illustrated in this sample transcript.
Entry of Ply Data into Database
To initiate the Composites Database Interface, the user types the following command at the R > prompt: NUN COMP.CMD. An introductory screen first appears; the main menu, shown in Fig. 5 , appears after any key is pressed. From this menu, the user may access any available program action by selecting the appropriate option. To enter the requisite ply data, the user selects the Database option from the main menu, and then selects the Enter Database Data from the subsequent menu, Database Actions, illustrated in 6 . Database actions menu. Fig. 6 . From a final menu listing data categories, the user selects the option to enter data on unidirectional composites. Subsequently, several prompts appear. Upon properly entering both the composite name and an arbitrary identification code, a data entry form appears on the screen. This form corresponds to the UNICOMP table, and contains ply identification data. The user then fills in the empty fields with the appropriate data. After all data items have been entered, the form is saved, thus entering this row of data into the database table. A short pause will follow, then a second data entry form appears, corresponding to the UNIPROP table. The property data values given previously should be typed into the corresponding empty fields on this form. When complete, the form should resemble the illustration in Fig. 7 . The ply identification and property data are now stored in the database. 
Design of Composite Laminate using Ply Data
To design a laminate and generate its material properties from the corresponding unidirectional composite, the Laminate option is selected from the CDI main menu shown in Fig. 5 . The Laminate Design menu is then displayed. From this menu, the option, Threedimensional stiffness theory (STIF3D) is selected to develop a full set of three-dimensional stiffness properties. Recall that we wish to design a laminate from the previously entered ply data with the stacking sequence [30/-30/0/45/-4515S. Figure 8 contains a transcript depicting the required interaction in designing this laminate. After prompting the user for appropriate input, control is transferred to the STIF3D program and a header of information appears on the screen; this header contains standard information and is not shown in the figure for space considerations. The system then suggests approximate three-dimensional ply data by assuming that the ply is transversely isotropic. The transverse Poisson's ratio is assumed to be 0.45, the value suggested by Thompson [17] . Note that the transverse shear modulus suggested by STIF3D is not mathematically consistent with the standard mechanics of orthotropic materials model; the user modifies G23 to correct this error.
Control is then transferred back to the CDI system and program execution continues. The newly created data is displayed to the user, who is then given the opportunity to repeat the procedure. After this process is complete, the material property data for the laminate is permanently available in the database and may be edited, deleted, viewed, or used to create materials data files.
Generating Material Property Files for ANSYS
To create a data file for transferring material property data to an FEA program, the user selects the Files option of the CDI main menu. The Generate Interface Files menu then appears, enumerating the types of data file which can be generated. The ANSYS model is demonstrated in this example. Similar steps are involved in creating files suitable for use with MAZE. Sample materials data files in the format appropriate for both ANSYS and MAZE input are illustrated in Figs 10 and 11 , respectively. Figure 9 contains a sample transcript of the user interaction involved in creating the material property data file. Recall that the structure we are modeling is an axisymmetric cylinder, that the composite is hoopwound, and that the major laminate axis exactly corresponds to the ANSYS Z-axis (hoop). All of this information will be used in creating the materials data file.
Initially, the user is prompted for the name of the file to be created and the laminate to be used. Then, a list of all stiffness runs associated with this composite is printed. Recall that because there is more than one laminate design model and because each model may be run with different assumptions, more than one set of stiffness data may be defined for a single laminate. To complete the interface file generation, the user must select the appropriate data set; in this case, the user selects the first run to use the STIF3D data generated previously. A name is given for the data block (the part of the material data file containing data on one specific composite) and information is provided to describe the orientation of the laminate on the finite element structure. Finally, the user is allowed to enter a comment line in the data block describing the particular laminate defined within. Figure 10 illustrates the contents of the resulting ANSYS interface file. Note the control commands at the beginning and end of the file; these commands allow the materials data file to be used as an ANSYS User file. This file would be used independently but in conjunction with a batch input file containing the finite element mesh data, loading data and commands referencing the materials data file. In ANSYS, the X-axis corresponds to axial direction, the Y-axis corresponds to the radial direction and the Z-axis is equivalent to the hoop or circumferential direction. Figure 11 contains a data file compatible with MAZE which was generated for the same laminate TANK1 Fig. 9 . Generating an ANSYS material data file. illustrated in the above example. Note that the MAZE data file has a simpler structure than the ANSYS data file, with fewer control commands. This structure is possible because, unlike the ANSYS file, the MAZE data file cannot be used independently from the batch input file. Instead, the materials data file illustrated in Fig. 11 must be appended to the end of the batch input file, so that the finite element mesh data, loading data and material property data are all in the same file.
Current Status and Future Work
The computer-aided analysis system described in this paper, the CDI, is currently operational at the level of functionality described above. The system has been tested and documented [18] . To achieve full functionality, the Laminate Design component must be expanded to include a fully three-dimensional classical laminate design model. Further system enhancements will include adding other laminate design models reflecting the particular characteristics and behaviors of thick composite laminates and the ability to generate interface files for general three-dimensional (nonaxisymmetric) structures. The modularity currently inherent in the CDI system will effectively support such enhancement and expansion. Additional system enhancements will focus on the composite materials database. First, the composite material property data needs and requirements of engineers and materials scientists will be investigated. A formal methodology such as the NIAM model or extended entity-relationship diagrams will be used to develop the data model. Using a formal methodology indicates that the database is designed in a systematic fashion, ensuring a quality data model and a database design which accurately and completely models the data involved. The target database will incorporate many types of composite materials data, such as strength, hardness and fatigue properties, and will support extended data types such as "pictures, graphs, constraints and text, to the extent possible.
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This model relaxes the first normal form restriction of the traditional relational DBMS, thus allowing attributes of a relation to be a set of values, another relation, an image, etc. The NRM provides an intuitive mapping of complex physical systems into the model, allowing data to remain in hierarchical form within the database schema. The model may thus actually be an excellent underlying data model for mapping complex objects to an object-oriented database while retaining the theoretical and mathematical benefits of the relational model [19] .
